Atmospheric annealing could melt the nanorods with diameters of ϳ10 nm at ϳ600°C, and completely change them into jointed grains at 610°C. Most of the jointed grains are quasibicrystals with nearly symmetric morphologies but twinning free structures, much different from the commonly observed ZnO twinning crystals. The quasibicrystals would also be formed when annealing ZnO nanoparticles, which may be a common thermal behavior of ZnO low dimensional nanostructures and should be considered when preparing ZnO nanoscale devices and ceramics. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2948905͔
ZnO is one of the most promising materials that can be used to fabricate electronic and optoelectronic devices at the nanoscale. In nanoelectronics the thermal behavior of building blocks is an important factor affecting the reliability of these devices.
1,2 Also the thermal behavior and grain growth of nanocrystalline ZnO plays a key role in sintering ZnO ceramics with reduced grain size. [3] [4] [5] [6] Thus the thermal stability of ZnO nanostructures is of theoretical and technical significance. Theoretical investigation has shown that the size and shape strongly affect the melting temperature ͑T m ͒ of ZnO nanostructures, 7 but the experimental results are still insufficient. 2, 8 Recently, Su et al. observed that ZnO nanostructures with rodlike subunits could start to melt at 750°C and change into particles at 950°C. 2 Very recently, we reported that annealing at 900°C could completely transform the ZnO nanorods with diameters of ϳ10 nm and lengths of ϳ100 nm into twinning morphologies comprising two quasispheres. 8 While twinning is a common feature in jointed ZnO nanostructures, [9] [10] [11] [12] [13] [14] [15] especially in that prepared by thermal evaporation, [12] [13] [14] [15] the present work reveals that the annealed products of ZnO nanorods are indeed twinning free. The lattice images of two jointed grains show the same plane, but the alignment is random. Our study shows that the nanorods start to melt at ϳ600°C, much lower than the theoretical prediction, 7 and can form the quasibicrystals at 610°C. The formation of quasibicrystals formed by thermal annealing has also been found in ZnO nanoparticles, which may extend the understanding of sintering characteristics of nanocrystalline ZnO in the field of ceramics.
The ZnO nanorods were synthesized by hydrothermal method as described previously. 8 Isothermal atmospheric annealing of the nanorods was carried out from 500 to 900°C and maintained at a certain temperature for 1 h. The The as-prepared ZnO nanorods are ϳ10 nm in diameter and ϳ100 nm in length, as shown in Fig. 1͑a͒ . Analysis of a series of annealed products revealed that the nanorods could show obvious morphology change at ϳ600°C. As depicted in Fig. 1͑b͒ , the ZnO nanorods melt and coalesce with neighboring nanorods after annealing at 600°C for 1 h. This tema͒ Electronic mail: wpchen@whu.edu.cn.
FIG. 1. TEM images of ͑a͒ the as-prepared ZnO nanorods and ͑b͒ the products after annealing at 600°C for 1 h, ͑c͒ TEM and ͑d͒ SEM images of the products after annealing at 610°C for 1 h, ͑e͒ TEM image of a single quasibicrystal formed by annealing the nanorods at 900°C, and ͑f͒ the corresponding SAED pattern.
perature is much lower than the melting point of bulk ZnO ͑1975°C͒, and also lower than the theoretical prediction. 7 The calculated T m of nanowires with radius of 5 nm and length of 100 nm is about 1430°C ͑see Fig. 1 in Ref. 7͒ . The discrepancy may come from the uncertainties of the surface tension values since the average diameter of the nanorods is below 20 nm. Theoretical calculation reveals that the influence of the surface tension can be quite significant for ZnO nanostructures in this diameter range. Moreover, the size and shape of the as-prepared nanorods are not as uniform as the well-defined model, which makes the direct comparison of experimental observation and theoretical calculation complicated. 7 Considering that the actual T m of other ZnO nanostructures may be also lower than the calculated, certain ZnO nanostructures with low calculated T m may indeed not be feasible for nanodevices due to the reduced thermal stability. 7 It is worthy to note that the heating effect from the TEM electron beam should be considered since the T m of the nanorods is rather low. In the experiment, the TEM was operated at 200 kV and the exposure was performed in a relatively large field; thus the heating effect was insignificant and could be ignored. Other experiment also showed that similar performance would not affect the morphology of ZnO nanorods. 16 The morphology of the products annealed at 600°C is irregular. However, after annealing at 610°C for 1 h the nanorods completely change into jointed grains, as shown in Figs. 1͑c͒ and 1͑d͒ . Most of the jointed grains are quasibicrystals united by two grains with a clear grain boundary. This morphology is similar to the commonly observed ZnO bicrystals bisected by a central ͑0001͒ twinning plane, 9,10 but, in fact, it owns a twinning free structure. Figures 1͑e͒ and 1͑f͒ show a single quasibicrystal formed by annealing the nanorods at 900°C and the corresponding SAED pattern. We choose the high temperature annealed products because that formed at 610°C are relatively small and hard to perform SAED analysis. Two sets of patterns can be identified and indexed in Fig. 1͑f͒ , which are along the ͓1-100͔ and ͓−2-243͔ zone axes, respectively.
The twinning free structures can be further revealed by the HRTEM analysis. Figure 2 shows the HRTEM images taken from the boundary areas in four quasibicrystals formed at 610°C. Clearly resolved interplanar distance of 0.26 nm can be seen from both sides of the boundary in Fig. 2͑a͒ , corresponding to the d spacing of ͑002͒ planes. The planes in the two grains have an angle of about 55°which is asymmetrical to the boundary. Figure 2͑b͒ also shows a quasibicrystal with interplanar distance of 0.26 nm, but the angle changes to 32°and it is also asymmetrical to the boundary. The interplanar distance in Fig. 2͑c͒ is 0.14 nm, corresponding to the d spacing of ͑200͒ planes. The planes in the jointed grains only have a small angle of about 11°. In Fig. 2͑d͒ , the quasibicrystal almost has the same structure and orientation with interplanar distance of 0.19 nm, corresponding to the d spacing of ͑102͒ planes. It can be seen from Fig. 2 that the lattices in the four quasibicrystals show different orientations, which are random and twinning free. This is much different from the other ZnO bicrystals formed by twinning. ZnO nanostructures prepared by solution route often grow into twinning structures with ͑0001͒ twinning plane. [9] [10] [11] The reported ZnO bicrystalline nanobelts and junctions fabricated by thermal evaporation method are always induced by twinning, [12] [13] [14] [15] in which the jointed grains on both sides of the boundary have a mirror reflection structure with a certain angle. The twinning structure is assumed to be thermodynamically preferred. However, the ZnO quasibicrystals formed by thermal annealing do not have twinning structures, and it seems that they are just joined by two adjacent grains randomly. In this sense single and multicrystals may exist in the annealed products.
We scrutinized the annealed samples and found both single and multicrystals although they are very rare. Figure  3͑a͒ shows a single crystal marked by "1." Definitely the crystal is formed from the melted ZnO nanorods, but it is not perfect spherical in shape which should be preferred under the surface tension. The quasibicrystal marked by "2" even owns a nearly flat top surface, indicating that the surface tension may be not so significant in the final stage of the growth. Figure 3͑b͒ shows a multicrystal including at least four grains which seems to be coalesced by two quasibicrys- 
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Yan, Zhu, and Chen Appl. Phys. Lett. 92, 241912 ͑2008͒ tals, in which a triple junction can be clearly seen. It is easy to understand that the melted nanorods would join together due to the decreased surface energy, but it may be strange that multicrystals are rare in the annealed products. Although the quasibicrystals are twinning free, the two grains are not entirely disorder in alignment but shows the same planes; this characteristic may inhibit more grains to join together. It is worthy to note that although most quasibicrystals have nearly symmetrical morphologies, some of them are asymmetrical as shown in Figs. 3͑c͒-3͑e͒, indicating that the formation of quasibicrystals is a random process. Noting that a typical grain has a diameter of about 50 nm, the calculated T m of which is over 1800°C, 7 the grain should only be liquid on the surface after the initial growth. The melted nanorods fuse into the liquid surface of grains and the interface solidifies consequently. In this scenario, a quasibicrystalline nucleus should be formed in the beginning. The nanorods with relatively small diameters which melt first may provide the quasibicrystalline nuclei. Although the jointed structures formed by thermal evaporation are usually twinning, they are indeed formed by vapor-solid process directly, which is much different from the liquid-solid process during the thermal annealing. During the annealing, the grains in the quasibicrystalline nuclei just rearrange in a certain degree rather than forming a twinning structure.
It is found that the annealing of ZnO nanoparticles can also form quasibicrystals. As shown in Fig. 4 , the ZnO nanoparticles with diameters of about 10-20 nm change into quasibicrystals after atmospheric annealing. Since ZnO nanoparticles are usually the initial materials for sintering nanocrystalline ZnO ceramics, [3] [4] [5] [6] this characteristic can be added to the content of ZnO sintering behaviors and used to direct the sintering. In fact, the sintered ZnO nanoparticles in several researches were very similar to the quasibicrystals. [3] [4] [5] However, melting characteristics were seldom considered in these studies. While grain boundary and surface diffusion is usually considered as the mechanisms for the densification of nanocrystalline ZnO ceramics at relatively low temperatures, typically, 650-900°C, [3] [4] [5] [6] we speculate that the melting of initial nanoparticles and the formation of quasibicrystals should also contribute to the rapid densification and play an important role. Moreover, since all ZnO low dimensional nanostructures would tend to be the same after being melted, the formation of ZnO quasibicrystals may be a common characteristic in thermal annealing processes.
In conclusion, we have observed that ZnO nanorods can melt at ϳ600°C and change into jointed grains at 610°C. Most of the jointed grains are quasibicrystals which are nearly symmetric in morphology but twinning free in structure. Annealing of ZnO nanoparticles also produces quasibicrystals, which may provide theoretical and technical directions to prepare ZnO nanoscale devices and ceramics. 
